Taiwan is tectonically situated in a terrain resulting from the oblique collision between the Philippine Sea plate and the continental margin of the Asiatic plate, with a continuous stress causing the density of strong-moderate earthquakes and regional active faults. The continuous time series of soil radon for earthquake studies have been recorded and some significant variations associated with strong earthquakes have been observed. Earthquake prediction is not still operative but these correlations should be added to the literature about seismo-geochemical transients associated to strong earthquakes. Rain-pore pressure related variations, crustal weakness at the studied faults system is consistent with the simultaneous radon anomalies observed. During the observations, a significant increase of soil radon concentrations was observed at Chunglun-T1 (CL-T1), Hsinhua (HH), Pingtung (PT), and Chihshan (CS) stations approximately two weeks before the Meinong earthquake (M L = 6.6, 6 February 2016) in Southern Taiwan. The precursory changes in a multi-stations array may reflect the preparation stage of a large earthquake. Precursory signals are observed simultaneously and it can apply certain algorithms the approximate location and magnitude of the impending earthquake.
InTroducTIon
The tectonic setting of Taiwan is such that it is considered to be one of the most seismically active regions in the world and is located at a convergent boundary between the Eurasian Plate and the Philippine Sea Plate. In the Southern part of the island the Eurasian Plate is subducting under the Philippine Sea Plate while in the Northern area of the island the Philippine Sea Plate bounded by the Ryukyu Trench, is subducting beneath the Eurasian Plate. Behind the Ryukyu Trench, the spreading Okinawa Trough has developed (Suppe 1984; Hu et al. 1996) . The Northern part of the Taiwan Island is located at the Western extrapolation of the Okinawa Trough. Continuous collision between Philippine Sea Plate and the Eurasian Plate has generated large and devastating earthquakes in the past. The number of earthquakes of magnitude 4 or above occur every year, both inland and offshore along the East coast of Taiwan and can be divided into two groups: (1) those associated with the Northward subduction and (2) those associated with active faults in Western Taiwan (Wu et al. 1999) .
Recently a strong-moderate earthquake occurred on 6 February 2016, 03:57:26.1 (GMT 5 February 2016, 07:57:26 .1), measuring M L 6.6 on Richter scale, in Meinong district of Kaohsiung City, Taiwan and can be associated with earthquakes in the second category, occurring on active faults in Western Taiwan. According to Seismological Center of the Central Weather Bureau, the epicenter was located 22.92°N and 120.54°E (27.1 km Northeast from the Pingtung County) and had relatively shallow depth of 14.6 km (modified, earlier reported as a focal depth of 16.7 km) with respect to the regional earthquakes (relatively shallow earthquakes). The earthquake was felt all over the island of Taiwan. The focal mechanism of this event has been reported by the Broadband Array in Taiwan for Seismology (BATS) and by the United States Geological Survey (USGS), both of which suggest a thrust mechanism with two nodal planes striking in the North-South (NS) and the Northwest-Southeast (NW-SE) directions (Wu et al. 2016) .
During the last few decades, studies have shown useful data in the field of seismogeochemistry interpreted as geochemical precursory signals for impending earthquakes (Heinicke et al. 1992; Igarashi et al. 1995; Virk et al. 2001; Steinitz et al. 2003; Yang et al. 2005 Yang et al. , 2006 Zmazek et al. 2005; Kumar et al. 2009 Kumar et al. , 2015 Walia et al. 2009a; Fu et al. 2015) . Despite a full operative "earthquake prediction/early alarm" routine is still far to be accepted. Geochemical precursors are recognized as short-term precursor and are monitored in many countries both by discrete and continuous tools (Inan et al. 2008; Kuo et al. 2010) , often preceded by area papers to install "sensitive stations" in sites recognized sound, during strong earthquakes in the past too, mostly if the role of fluids in triggering earthquakes is important (i.e., Italy, see Quattrocchi 1999) . Radon is proved to be as one of the most reliable geochemical precursor (Wakita et al. 1980; Fleischer 1981; Igarashi and Wakita 1990; Heinicke et al. 1992; Igarashi et al. 1995; Virk et al. 2001; Steinitz et al. 2003; Yang et al. 2005; Zmazek et al. 2005; Kumar et al. 2009; Walia et al. 2009a; Fu et al. 2017a, b) . Virk and Singh (1994) reported precursory radon anomalies simultaneously in both soil-gas and groundwater 5 days before the Uttarkashi Earthquake with a moment magnitude of 6.8 occurred on 20 October 1991, in Garhwal Himalayas, India. Walia et al. (2006) compiled radon time series interpreted as precursory signals for some major earthquakes having magnitude > 5, which occurred in N-W Himalayas. Igarashi et al. (1995) interpreted precursory radon changes before the disastrous Kobe earthquake in Japan and this anomaly was particularly evident. Still more works should be dedicated to understand if certain delay between radon spikes and strong earthquakes is a time of preparation of those earthquakes, i.e., 40 up to 144 days before in a case history described by Einarsson et al. (2008) in the South Iceland seismic zone, whereas Jaishi et al. (2014) find a positive correlation between radon/thoron data and earthquakes soon after mainly, but sometimes are co-seismic. In Western Turkey the connection between radon and earthquakes was reported by Tarakci et al. (2014) .
Our research is based on soil gas radon monitoring to find pre-seismic signals in the vicinity of different geological fault zones of Taiwan but more groundwater and multiparamertic stations may need to add in future to enhance the efficiency as suggested by some studies (Quattrocchi et al. 2000) . To carry out the investigations, a network of continuous soil-gases monitoring stations in collaboration with National Center for Research on Earthquake Engineering (NCREE) and National Taiwan University (NTU) has been established along different faults (Fig. 1) to determine the possible correlation of radon concentrations anomalies in soil to monitor the tectonic activity in the region (Walia et al. 2009b; Yang et al. 2011) . Based on the data generated at monitoring stations, we proposed a tectonic setting based Fig. 1. (a) The simplified sketch of regional simplified map and principal tectonic lineaments/faults affecting around Taiwan shows the Philippine Sea plate moving toward Taiwan in a rate of 8 cm yr -1 (Yu et al. 1997) . The red lines indicate the active fault proposed by the Central Geological Survey of Taiwan (Lin et al. 2000) . model and we tested the model during some big earthquakes happened in the past (Walia et al. 2013 ).
MeThodology
To carry out the present investigation, temporal soilgases compositions variation was measured regularly together with earthquake monitoring stations, established along different faults (Fig. 1) . Selected fault zones are categorized as active faults zones by Central Geological Survey of Taiwan and may be considered as conducive for earthquake precursory studies in Taiwan (e.g., Chyi et al. 2001 Chyi et al. , 2005 Chyi et al. , 2011 Fu et al. 2005 Fu et al. , 2008 Fu et al. , 2009 Fu et al. , 2017a Yang et al. 2005 Yang et al. , 2011 Walia et al. 2009a Walia et al. , b, 2013 . To build a monitoring station, reconstructions were done by digging holes of approximately 2.5 m and by casing these holes with PVC pipes. At the bottom of PVC pipe, a fine mesh is attached to avoid any unwanted materials to enter the pipe. The PVC sheet is put on all the sides of the PVC pipe at bottom covering about 1 m on all sides; this avoids the rainwater to get in the hole. Some pebbles are also put at the bottom to reduce the meteorological effects before filling the sides of the holes. Figure 2 shows the sketch of the established automated monitoring system. At the remote station after passing through the water trap and gas cooler, the soil gas was transferred into an alpha spectroscopy (SARAD RTM2100) via an internal pump for radon measurement (e.g., Hsinchu station, HC; Hsinhua station, HH; Chihshang, CS; Pingtung station, PT) ( Fig. 1 ) (see Walia et al. 2009a ). Simultaneous measurement of humidity and mathematical correction in the chamber was automatically calculated to obtain corrected radon concentrations in every 15 min integrated time. The monitoring stations were equipped with Strong Motion seismographs to find the local intensity of impending earthquake at monitoring station. All the data are downloaded remotely to the Taipei office for further analysis. As per the present practice, the data from all the stations are examined in real time to evaluate possible earthquake precursory signals as well as "false anomalies" against the backdrop of meteorological parameter which affect the time series of radon, as known from many papers (Pinault and Baubron 1996; Barnet et al. 1997; Gregorič et al. 2011; Pascale et al. 2015) . Seismic parameters (viz. Earthquake parameters as recorded also at a monitoring station, etc.) and meteorological parameter data were obtained from Central Weather Bureau of Taiwan (http://www.cwb.gov.tw). The Chunglun-T1 (CL-T1) monitoring station is also used for the continuous recording of soil gas radon by a silicon photodiode solid state detector to compare the two methods. The electronics of the radon detection include the grounding of the circuit, the high voltage conversions, and counts registration process, which are housed into in a PVC pipe. The generation counting system is capable of recording radon flux changes other than concentration and concludes once every hour.
This methodology follows the same settings described in detail by Chyi et al. (2011) .
The radon anomalies are usually recognized by using +2σ method, in which the anomaly thresholds are calculated with mean value and two standard deviation (Ghosh et al. 2007; Ramola et al. 2008; Oh and Kim 2015) . In this study, we use a residual signal processing technique, in order to: (1) identify the anomalies in time series and (2) diminish the regular effects from environmental factors for data recorded. For our analysis, a residual signal of concentration dA can be determined as the difference between the observed signal intensity (soil radon concentration) and the average of several days preceding the observation day:
where, A(t) is the trend of soil radon concentration at a time t for an observed day and RA(t) is the rolling average at the same time t for -14 days (14 days before the observed day) the data recording is every 15 min. The standard deviation of the residual results between the trend and rolling average of soil radon concentration can be determined. Then, an anomalous threshold value can be defined by using this kind of factor when it exceeds the identified standard deviation, and then can be used for the possible correlation with large seismic event, eventually associated to the highlighted anomalies. Furthermore, the hourly precipitation records are available from a meteorological station as a whole, in the network, which is located at a distance of approximately 3 km from the monitoring station. All seismic data are taken from the earthquake catalogues of Central Weather Bureau (CWB). In total, there are 155 seismic events with local magnitudes (M L ) ranging from 2.2 -6.7 during the monitoring period in Fig. 2 . The schematic sketch for continuous monitoring station.
the Taiwan area. We report a table only for earthquake with M > 5.0 with the distance with respect the fulcrum of the monitoring network (Table 1) .
reSulTS And dIScuSSIonS
In the present study, we analyze and compare temporal patterns of radon concentration. Some anomalies are clearly associated with the Meinong earthquake and following aftershocks from the data recorded by the network of 5 discussed monitoring stations (Fig. 1) . From the results of long term geochemical monitoring at the established monitoring stations we can divide the monitoring stations as belonged to two different tectonic zones (Walia et al. 2009b ), i.e., North and South part of Taiwan, respectively. It has been found that variations in soil gas at North zone monitoring stations are disturbed with all probability more by the stress variation due to tectonic activities along Okinawa Trough and Ryukyu Trough, which are located in North and Central, Eastern part of Taiwan, respectively, in addition to local earthquakes (magnitude < 5) located within a radius of about 50 km from the monitoring station. On the other hand, in case of the South zone, soil-gas variations are more probably associated to tectonic activities along the Luzon Arc and other tectonic activities in the Southern part of Taiwan. Therefore, based on the recorded continuous time series, we infer that the monitoring stations, Southward, as a whole precursory signals of earthquakes occurring South -Southeastern part of Taiwan, whereas for the Northern zone stations, most of soil-gas anomalies, interpreted as precursory signals are recorded for the earthquakes that occurred in North or Northeastern part of Taiwan. These findings suggest to propose an interpretative model dividing Taiwan into two different tectonic zones, as part of these findings we reported in Walia et al. (2009b Walia et al. ( , 2013 . Radon time series data are obtained from the discussed network of monitoring stations run by NCREE and NTU in collaboration and fit well in the proposed model. Based on the anomalous signals from the particular monitoring station we are near to identify the area for impending earthquakes of magnitude ≥ 5 and we could test it for some earthquakes which occurred in the country during the last few years Walia et al. 2013) . Earthquakes having magnitude ≥ 5 with recorded local intensity ≥ 2 at the monitoring stations also reported by CWB (http://www.cwb. gov.tw), calculated epicentral distance < 100 km with focal depth < 40 km have shown precursory signals and fitted very well according to the proposed model.
It was observed that no precursory signals were found in Northern monitoring stations for the Meinong Earthquake (Fig. 3) . Most of Southern monitoring stations located in South and Southeastern part of Taiwan, which had the local intensity ≥ 3 for Meinong earthquake, have shown precursory signals (Figs. 4 -7) . The Southern-most station, i.e., PT monitoring station is located at about 31 km distance from the epicenter of Meinong earthquake and recorded local intensity of 5. Radon time series at PT station in the time window from 15 December 2015 to 15 March 2016 is shown in Fig. 4 . From the previous years data it has been found that under normal condition radon values lie in between 15 -20 kBq m -3 . Radon values started rising on 23 January 2016 approximately 14 days and approached maxima on 25 January 2016 (i.e., crossing +2σ level in standard deviation) about 12 days prior to Meinong earthquake, respectively. During the observation period of 12 January 2016 to 6 February 2016 there were more or a few anomalies crossing the standard deviation +2σ. Although there was one major earthquake of magnitude 6.7 North of Keelung on 6 February 2016, however, this earthquake does not fit in the aforementioned selection criteria and was very far from the PT monitoring station. Otherwise, radon values started increasing on 13 January 2016 with maxima on 16 January 2016, and followed by one large earthquake with magnitude 5.8, which occurred on 19 January 2016 in Southeastern Taiwan. This event fit in the defined criteria and was at a distance of 86 km from the PT station. Co-and post-seismic slight changes can be observed during the period from 6 February to 18 February 2016, and these high concentration spikes may not be clearly related to pre-seismic events.
Radon monitoring for the earthquake precursory studies at the established HH monitoring station along the Hsinhua Fault in Tainan area has been done continuously since November 2006 (Walia et al. 2009b (Walia et al. , 2013 Kumar et al. 2015) . Radon time series in the time window from 15 December 2015 -15 March 2016 at HH station is shown in Fig. 5 . The HH monitoring station is located at about 26 kms distance from the epicenter of Meinong earthquake and recorded local intensity of 5. Radon started rising from 3 January 2016 after a hourly rainfall or accumulated daily rainfall was greater than 20 and 70 mm, respectively at the station and nearby. This change was firstly attributed to big rainfall. But in turn, some literature reported the strict link between pore pressure increase (rain falls) and earthquake triggering (Sibson 1977; Quattrocchi 1999; Jimenez and Garcia-Fernandez 2000) , however, in case of Taiwan it may not be applicable. For example, the excessive precipitation brought in by Typhoon Morakot in Southern Taiwan. The accumulated rainfall amounted to approximately 3000 mm from 7 -10 August 2009, however, no large earthquakes occurred in Southern Taiwan after this extreme rainfall event. Therefore, the heavy rainfalls may not play a main role in the appearance of earthquake triggering in this study.
Any change in radon values at HH station due to big rainfall usually persists only for 7 -10 days, however this rise in radon value did not return back to the threshold value (around 40 kBq m -3 ). Radon values almost reached +2σ in standard deviation on 6 January 2016. The noted radon increase is long term which usually not the case in previous data reported elsewhere Walia et al. (2013) and Kumar et al. (2015) . The HH monitoring station is the nearest among the established stations to the epicenter of Meinong earthquake. Huang et al. (2016) proposed that faults at shallower depth under high fluid pressure and concentrated stress conditions can be triggered by a moderate lower crustal earthquake such as the Meinong earthquake. Such fluids have a higher pressure at the bottom part and then tend to migrate upwards through a crack system in the crust during the build-up of stress. It suggests that long term increase in radon values at HH monitoring station may be attributed to the stress building in the region before the Meinong earthquake. It can also be justified by the fact that CWB real-time strong ground motion station located in Hsinhua District, Tainan City had Fig. 6 . The CL-T1 monitoring station which is located at about 51 km, distance from the epicenter of Meinong earthquake having local intensity of 5 has shown a similar kind of anomaly as for HH monitoring station (Fig. 5) . Similar to HH station, the significant increase in radon values were also attributed to heavy rainfall (e.g., accumulated daily rainfall > 30 mm or hourly rainfall > 10 mm ) on 10 December 2015, 3 January, 29 January, and 10 March 2016, respectively (as shown for the period of precipitation effect denoted by blue bar in Fig. 6 ). The change in values at CL-T1 station in particular could be due to big rainfall persisting for 10 -12 days, especially recorded as daily precipitation if it was greater than 30 mm. After this period of high precipitation effect, the increase in radon concentrations was observed on 23 January 2016 at CL-T1 station, i.e., about 14 days before the Meniong earthquake. This result was found to be similar to the observation at PT station. Radon values at all monitoring stations in Southern zone came back to the baseline values few days after the earthquake magnitude 6.6 when aftershocks started fading away.
Moreover, CS monitoring station is located about 75 kms from the epicenter of Meinong earthquake in Taitung county in SE Taiwan. Radon time series at CS station from 15 December 2015 to 15 March 2016 is shown in Fig. 7 . This station has recorded the local intensity of almost 3. The increasing patterns in radon started developing from 23 January 2016 with maxima recorded from 29 to 30 January 2016 about 8 days before the Meinong earthquake. Although the threshold value (crossing +2σ level in standard deviation) was not approached clearly but found to be very close to it. Late response of radon increase at this monitoring station is indicative of the fact that the stress distribution for this earthquake was more towards the Western side. It is also to be noticed that the higher local intensity at the location of monitoring stations was found at the Western part than the Eastern part of Taiwan (Lee et al. 2016; Wu et al. 2016) . It is also associated with the larger ground acceleration recorded in the Western part during the Meinong earthquake. During the observation period, soil radon emission at CS station may also be affected by surface creeping of the Chihshan Fault, and then emission was slightly restrained (Fu et al. 2009 ). It could be explained that two large earthquakes with magnitude 5.3 and 5.8, which occurred on 13 January and 19 January 2016 in Southeastern Taiwan, respectively, the significant changes in soil radon were not observed.
According to the Dobrovolsky equation by Dobrovolsky et al. (1979) and also the review of algorithms in seismogeochemistry by Etiope et al. (1997 ) (cited in Quattrocchi 1999 , the earthquake preparation area for the Meinong earthquake was calculated to be around 687 km.
where M is the magnitude of the earthquake and R is the radius in km. In this case, the anomalies should be observed at all stations in the preparation area prior to the Meinong earthquake. However, monitoring stations in North and Northeastern part of Taiwan did not show precursory signals for the above mentioned earthquake magnitude 6.6 and results are not presented here deserving interest for a dedicated paper for the Northern sector of Taiwan. It may be associated with the homogeneous components of crust, which could affect the stress transfer and strain accumulation. Moreover, if we draw periphery epicentral distance circles, having radius ≤ 100 km for these monitoring stations, we can observe that the above mentioned earthquake occurred in the intersection of these circles (Fig. 8) . Simultaneously related anomalous radon patterns, which lasted for a longer period of time at all the South monitoring stations, especially at PT and CL-T1, along with the Southeastern monitoring station are interpreted to be representative as precursory signals to the Meinong earthquake. Similarly, Fu and Lee (2017) has reported significant changes in soil radon simultaneously at four stations in southern Taiwan approximately two weeks before the 2010 Jiasian earthquake. Furthermore, the significant rate-slow-down anomalies in cGPS pre-seismic baseline variations near the epicenter of the Meinong earthquake were also demonstrated in southern Taiwan (Tsai et al. 2017) . A 3D modelling work, i.e., mass flow-reactivegeomechanical transport is necessary in future.
concluSIonS
Continuous monitoring of the soil gas indicates that radon concentrations show some precursory anomalies several days before major earthquakes. Significant changes in soil radon at four stations were recorded two weeks before the Meinong earthquake in Southern Taiwan. Statistical analyses of observational data were performed to identify anomalies and improve the reliability of soil radon variations under automatic detection further efforts will be made to add stations in groundwater and for other parameters being more efficient to wider areas. Furthermore, according to our working hypothesis, variations of soil radon at different stations show simultaneously precursory anomalies that can assist in expecting the approximate location of the impending major earthquake (Fig. 8 ) occurred effectively with a delay of two weeks as typical in the relations between faults-fractures-fluids (Frima et al. 2005 ) in a pore pressure increase episode at regional scale. Changes in the strain field during the build-up of stress before seismic activity can affect the gas and fluid migration due to opening or closing of fractures. Persistent heavy rain for one week may provide an intense rain in the area of the studied earthquakes. However, the precipitation effect is too shallow to be referred to the deep earthquake (Jimenez and Garcia-Fernandez 2000; Menzies et al. 2016) . The soil radon measurements provide a useful tool for exploring earthquake precursors in Taiwan.
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